The role of GTP and other ribonucleoside phosphates in the differentiation of Clostridium acetobutylicum and two sporulation-deficient mutants was investigated. The clostridial stage (cls-1) mutant was unable to produce the clostridial stage, solvents, granulose, capsules or endospores, whereas the sporulation-deficient (spo-I) mutant produced the clostridial stage, solvents, granulose and capsules, but did not form a forespore septum. The nucleoside triphosphate profiles of the wild-type and spo-1 mutant were similar and were characterized by a trough in nucleotide levels which occurred just prior to the pH break point, the onset of the stationary growth phase, clostridial stage formation and the transition from the acidogenic to the solventogenic phase. The nucleoside triphosphate concentrations during the exponential growth phase were much lower than those found during the stationary phase. The nucleotide levels in the cls-1 mutant during the exponential phase were comparable to those observed in the wild-type and spo-1 mutant. However, the nucleotide levels in the cls-1 mutant did not increase during the stationary growth phase. The involvement of nucleotide levels, particularly that of GTP, in the differentiation of C. acetobutylicum was indicated by the effect of inhibitors, which have been shown to decrease ribonucleotide levels in other organisms and cause an increase in sporulat ion.
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I N T R O D U C T I O N
The obligate anaerobe Clostridiurn acetobutyticum is used for the production of acetone, butanol and ethanol (ABE). In some strains of C. acetobutylicum, such as the industrial strain P262, the onset of solvent production and sporulation is characterized by a change in morphology from a highly motile, acid-producing, vegetative rod to a swollen, granulosecontaining, phase-bright, cigar-shaped, solvent-producing, 'clostridial' cell (Long et al., 1983 ; ). An understanding of the triggers which lead to the onset of solvent production and differentiation is important for developments aimed at improving the ABE fermentation.
In Bacillus subtilis, a decrease in GTP content is associated with the initiation of sporulation (Lopez et al., 1979; Freese, 1981 ; Ochi & Freese, 1983) . A similar decrease in GTP or S-adenosylmethionine content was shown to be associated with differentiation (meiosis and sporulation) in Saccharomyces cerevisiae (Freese et al., 1984 b) . Recently, aerial mycelium formation in Streptomyces MA406-A-1 has been linked with a decrease in GTP content (Ochi, 1986) . Since the role of GTP and other ribonucleoside phosphates in the differentiation of C. acetobutylicum has not been reported, we investigated changes in the ribonucleoside phosphate pools of the wild-type strain P262 and two sporulation-deficient mutants of this
RESULTS

Growth, physiology and morphology
The ABE fermentation profile typical of C. acetobutylicum P262 in CAMM is shown in Fig.  1 (a, b) . Cells transferred to this medium show a characteristic 15 h lag phase after which cell numbers begin to increase (Long et al., 1983) . The exponential growth phase, from 15 to 35 h, was characterized by motile, rod-shaped cells. During this stage, glucose consumption resulted in acid production. The pH break point occurred when the acid concentration reached a maximum of approximately 4 g 1-l (between 30 and 35 h). The break point was associated with the onset of the stationary growth phase and clostridial stage formation. Just prior to the pH break point, the cell morphology began to change from motile rods to phase-bright, granulosefilled clostridial cells, and by 40 h 90 to 100% of the cells had converted to the clostridial stage. The physiological changes associated with the pH break point included a decrease in acid concentration, initiation of solvent production, and an increase in the rate of glucose consumption. After 45 h, the acid concentration stabilized at approximately 2-7 g 1-l. Glucose exhaustion occurred at approximately 50 h and shortly thereafter solvent levels reached a peak of approximately 10 g 1-l. At this time a maximum number of cells containing forespore septa (60%) was observed, as well as a small percentage of mature spores (15%). The highest proportion of phase-bright spores (approximately 50%) was observed at the end of the fermentation (67 h).
A similar fermentation profile for the spo-I mutant is shown in Fig. 1 (c, d) . The exponential phase was characterized by motile rods, glucose consumption and acid production. The pH break point (pH 5-3) was reached between 35 and 40 h and was associated with a peak in acid levels. Stationary phase occurred after approximately 40 h and by 55 h 90 to 100% of the cells were phase-bright clostridial forms. Solvents were first detected immediately after the pH break point and reached a maximum of 9-6 g 1-l at the end of the fermentation (67 h). The major difference between this and the wild-type fermentation was that no forespore septa or mature spores were observed, indicating that the spo-I mutant was an early sporulation mutant (sp00). Minor differences involving for example maximum cell number, time of peak in motility, and residual glucose levels were observed between the fermentation profiles of the P262 wild-type and spo-1 strains.
The CIS-I mutant showed a normal motile, acid-producing, glucose-consuming exponential phase, but the switch to solvent production did not occur and no clostridial-stage cells were observed ( Fig. 1 e , f ) . After approximately 35 h the rate of glucose consumption slowed and acid levels continued to increase. By 55 h the fermentation ceased and virtually no solvents were produced ( < 0.25 g 1-l). Only 30% of the available glucose was utilized and approximately 7 g acids 1-l were produced.
Nucleotide profiles
The nucleoside triphosphate profile for the wild-type C. acetobutylicum P262 strain demonstrated that throughcut the fermentation ATP was the most abundant nucleoside triphosphate followed by UTP, GTP and CTP (Fig. 2a) . The nucleoside triphosphate concentrations during the exponential growth phase (15 to 35 h) were much lower (by as much as 40-fold in the case of ATP) than the values obtained during most of the stationary growth phase (40 to 50 h). From 17 to 23 h there was a gradual decrease in the concentration of all the nucleoside triphosphates, and just prior to the pH break point (25 to 35 h) the concentration of all the nucleoside triphosphates decreased to almost zero (27 h). The nucleotide levels then increased rapidly as the morphology of the culture changed from phase-dark rods to phasebright clostridial cells. The highest pool values for all the nucleoside triphosphates coincided with the peak in the number of clostridial-stage cells and the onset of forespore septum development, indicating that the nucleoside triphosphate pool values were higher in the stationary-phase clostridial stage cells than in the exponential-phase rods. The decrease in the number of clostridial cells after 47 h correlated with a decrease in the nucleoside triphosphate concentrations, maximum solvent levels and the initiation of spore maturation. The nucleoside triphosphate profile for the spo-1 mutant (Fig. 2b ) was similar to that for the wild-type P262 strain. ATP was the most abundant nucleoside triphosphate in exponentialphase cells, followed by GTP, UTP and CTP. The spo-1 mutant did not produce forespore septa, but the cells did produce a clostridial stage. The concentrations of all nucleoside triphosphates increased as the percentage of clostridial cells increased, and the peak concentrations coincided with the peak in the percentage of clostridial-stage cells. In contrast to the wild-type strain, the decrease in the nucleoside triphosphate levels after 50 h was not associated with a decrease in the percentage of clostridial-stage cells. However, the metabolism of the spo-1 mutant culture slowed down as solvent levels reached their maximum and the glucose concentration decreased.
The CIS-1 mutant was unable to produce solvents or to sporulate and did not differentiate into clostridial-stage cells. The nucleotide levels in exponential-phase cells of this mutant (Fig. 2c) were comparable to those observed in the wild-type strain and the spo-1 mutant. ATP was the most abundant nucleoside triphosphate, followed by GTP, UTP and CTP. The nucleoside triphosphate levels decreased as the cell number increased and acids were produced, reaching almost zero by 35 h. At this time, the cells had stopped dividing and the rate of acid production and glucose consumption had decreased. In contrast to the nucleoside trisphosphate profiles obtained with the wild-type strain and the spo-I mutant, the nucleoside trisphosphate levels did not increase during the stationary phase, and after 40 h UTP and CTP were not detected.
Nucleotide synthesis inhibitors
Ten compounds which increased the percentage of sporulating cells are shown in Table 1 . Cordycepin, decoyinine and psicofuranine are adenosine analogues altered in the ribose moiety (Zain-ul-Abedin et al., 1983) . Psicofuranine and decoyinine, which both inhibit GMP synthetase (Freese et al., 1979) , were more effective than cordycepin at increasing the percentage of sporulating cells. The mercaptopurines (6-mercaptopurine and 2-aminomercaptopurine) were the next most effective compounds. The methylxanthines caffeine and t heobromine provoked the largest increase in percentage sporulation, whereas the other two methylxanthines tested, theophylline and 3-methylxanthine, increased sporulation to a lesser extent. The pyrimidine analogue 6-azathymine also increased the percentage of sporulating cells.
DISCUSSION
Nutrient shift-down experiments, in which rapidly dividing cells from a rich medium are transferred to a nutrient-depleted medium, have been used to induce sporulation in Bacillus species (Sterlini & Mandelstam, 1969) . However, nutrient depletion does not induce sporulation in C. acetobutylicum P262, which sporulates only under conditions where growth is limited in the presence of excess glucose and ammonia (Long et al., 1984) . These studies were therefore carried out in the minimal medium, CAMM, of Long et al. (1983) , which provides a sufficiently synchronous developmental cycle to allow for these correlative morphological, physiological and biochemical studies .
ATP was the most abundant nucleoside triphosphate produced by the wild-type strain and the spo-I and cls-1 mutants. An interesting observation was the extremely high concentrations of nucleotides in non-growing clostridial-stage cells of the wild-type strain and the spo-I mutant, since the fermentation of glucose to solvents yields 2 mol ATP per mol glucose, as compared to approximately 3.3 mol ATP per mol glucose when acids are produced . However, the clostridial cells do not appear to elongate or divide and the nucleotides may accumulate as a result of the absence of growth. The high pool values of these energy-rich compounds may explain the association of energy-consuming processes such as granulose formation and capsule production with the clostridial stage (Reysenbach et al., 1986) .
The units that have been used for reporting nucleoside triphosphate levels in B. subtilis are pmol per OD,,, unit (Ochi & Freese, 1983; Zain-ul-Abedin et al., 1983) or pmol per AM unit (Freese et al., 1981) , where one AM unit is the amount of cells that produces an OD6,, of 1 if suspended in 1 ml. Unfortunately, these authors make no reference to cell number, nor do they mention the path length used in their optical density measurements. Therefore, the results presented here, which are based on cell number, are not directly comparable to those above which are based on optical density. With our strain of C. acetobutylicum, los cells ml-l gives an OD,,, of approximately 1 if a 1 cm path length is used. Therefore if the maximum nucleoside triphosphate concentrations reported by Zain-ul-Abedin et al. (1983) are converted from pmol per OD600 unit to ng per OD600 unit, the values obtained are approximately 375, 115,91 and 41 for ATP, GTP, UTP, and CTP respectively. Our results indicate that the nucleoside triphosphate levels for 1 x lo* C. acetobutylicum cells fall within the same range as reported for 1 OD6oo unit of B. subtilis cells.
The isolation of various classes and combinations of sporulation, clostridial cell, solvent, granulose and capsule mutants demonstrates that although the individual pathways function independently of each other, the induction of these events appears to be linked by some common regulatory mechanism . The concentrations of nucleoside triphosphates in the wild-type strain and in the cls-1 and spo-I mutants decreased during the late-exponential growth phase and reached their lowest levels just prior to the pH break point. This trough also coincided with a decrease in motility and rate of cell division. In the wild-type strain and the spo-I mutant the conversion of cells to the non-dividing clostridial stage and the onset of solvent production coincided with a rapid and very large increase in nucleotide pools. In the cls-I mutant, which failed to produce solvents or the clostridial stage, no increase in the level of nucleoside triphosphates was detected. The accumulation of high concentrations of nucleoside triphosphates in the spo-1 mutant suggests that the increase in these compounds was associated with the conversion of cells to the solvent-producing clostridial stage and was not dependent on spore formation.
A decrease in GTP has been shown to be associated with the initiation of differentiation and sporulation in B. subtilis (Lopez et al., 1979; Freese, 1981 ; Ochi & Freese, 1983) , Saccharomyces cereuisiae (Freese et al., 1984b) , and a streptomycete (Ochi, 1986) . A variety of inhibitors which are known to decrease ribonucleotide levels in B. subtilis bring about an increase in sporulation (Freese et al., 1979; Ochi & Freese, 1983; Zain-ul-Abedin et al., 1983) . Although there is no direct evidence implicating the low levels of GTP which occur during the late-exponential growth phase in C. acetobutylicum P262 it is possible that a decrease in this or other nucleoside triphosphates plays a role in differentiation of C. acetobutylicum. The involvement of these compounds is supported by the increase in sporulation which was obtained in cultures treated with the various inhibitors shown in Table 1 . When these inhibitors were added to stationaryphase cultures just after the pH break point, little or no increase in sporulation occurred (not shown). The methylxanthines were the most effective compounds in stimulating sporulation, which is consistent with the results of Sacks & Thompson (1977) . One inhibitor which would not be expected to affect purine ribonucleotide levels is the pyrimidine analogue 6-azathymine. This compound also caused an increase in sporulation in C. acetobutylicum. Similar results were obtained by Craven & Blankenship (1982) with Clostridium perfringens. 
